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A Study of Fatigue Failure
in Superalloys Using Positron Annihilation

By

D. HoeckeLMAN and H. P. LEIGHLY, JR.

This study shows there are significant changes occurring in the open volume defect concentration
during fatigue cycling as measured by the S parameter. These changes are dependent upon the stress
14ti0, R = 0in/0mar the maximum stress, 4,,,,, and the number of fatigue cycles. The decline in the
S parameter is due to the elimination of the residual vacancies. This decline is followed by an increase
due to the generation of dislocations and the formation of small microcracks. This is followed by a
decline in the § parameter due to growth of the microcracks ultimately leading to failure.

VsMepenue S-napameTpa BO BpeMs YCTAJIOCTHOIO INHMKIMPOBAHUA TOKA34JI0, YTO KOHLEHTpAUMA
neeKTOB B OTKPLITOM OObEME 3HAUMTENBHO MEHSETCHs. OTH U3MEHEHHA 3aBUCAT OT OTHOLLCHHMA
HanpusxeHu# R = 6.,;,/0 ., MAKCUMATBHOTO HANPSXEHUHA O, M YACJIA YCTAJOCTHBIX LAKJIOB.
3HaueHHe S-apaMeTpa YMEHBINAECTCA B PE3yJIbTATE HCYC3HOBEHHS OCTATOYHBLIX BAKAHCHH. 3a aTUM
YMeHBIIIEHUEM CJIEAYeT YBEJNIMYCHHE, KOTOPOE MOXKHO OOBACHMTL 0Opa3soBaHWEM MAMCIIOKAIME H
MUKPOTpEIHH. 3aTeM 3HAUYeHHe S-mapaMeTpa YMEHBILIAETCA B Pe3ysibTaTe AajbHEHINEro pa3BUTHA
MHUKDPOTPEILKH, 9TO B KOHEYHOM CHETE MPUBOAUT K Pa3pyLICHUIO.

1. Introduction

Fatigue cycling is known to cause microstructural damage to metals and alloys and to
rearrange defect structures. Feltner and Laird [1] have shown that fatigue cycling will
increase the yield strength of well-annealed copper due to the introduction of defects, while
similar fatigue cycling of cold-worked copper reduces the tensile properties due to the
elimination of some of the defects and the rearrangement of other defects into a more stable
configuration. Sivashankaran and Welsch [2] showed in well-annealed nickel that the
resistivity ratio increased with fatigue cycles. They determined that a large increase occurred
in the first 500 cycles at 241 MPa due both to vacancy and dislocation generation. For
more cycles, the contribution to the resistivity ratio from dislocations was fixed while the
contribution from vacancies continued to increase. Suresh [3] has shown that there is a
very large increase in the vacancy concentration resulting from fatigue cycling. Cheng and
Laird [4] measured the number and sizes of the microcracks that developed as a function
of the number of fatigue cycles. They found that the number of small cracks remained
constant while the size and number of larger cracks increased indicating that the generation
rate of small cracks is constant to replace those cracks that have grown.

Doppler broadening positron annihilation has been used extensively to study defects in
metals and alloys (Hautojérvi [5]). From the positron—electron annihilation spectrum, the
lineshape or S parameter is determined in the usual way (MacKenzie et al. [6]). Increasing
the open volume defect concentration will cause an increase in the value of the S parameter.
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148 D. HoeckeLMAN and H. P. LEIGHLY, JRr.

Coleman et al. [7] have measured an increase in the S parameter in a titanium alloy as a
function of the number of fatigue cycles and position along the specimen axis after one
cycle and 900 cycles. The S parameter increases with the number of cycles and with the
increase in the stress amplitude. Hughes [8] found significant changes in the S parameter
in the vicinity of a fatigue crack in 18/8 stainless steel. Near the crack tip, the S parameter
is large indicating a high density of defects trapping positrons. Gauster et al. [9] found that
the S parameter increases more rapidly during high strain amplitude cycles than during
lower strain amplitude in SAE 316 stainless steel. An accompanying series of transmission
electron graphs reveals a continuing increase in dislocation concentration with a reduced
cell size in the grains with increasing fatigue cycling. Sharma et al. [10] determined the S
parameter in the plastic zone of a fatigue-cracked fracture mechanics specimen. It had the
largest value near the crack tip, declining as the distance from the crack tip increased.

Karjalainen et al. [11] performed a bend fatigue experiment using OFHC copper sheet
specimens 4 mm thick which had been annealed prior to fatigue testing at 873 K for 30 min
followed by air cooling. Their results showed that the S parameter for the annealed specimens
increased after a few fatigue cycles. After these initial cycles, there was a very substantial
decrease in the S parameter versus fatigue cycle curves to a minimum in both of the annealed
specimens. Additional fatigue cycles cause a subsequent increase in the S parameter. The
number of cycles to cause development of the minimum was dependent upon the strain
amplitude; the larger the strain amplitude, the fewer the number of the fatigue cycles needed
to develop the minimum.

2. Experimental Procedure

2.1 Experimental materials

For this experiment, two commercial superalloys were used: Inconel 718 and Incoloy 903.
The composition of these alloys is given in Table 1. The vendor of these alloys prior to
delivery heated them into the solid solution temperature range followed by quenching in
water to provide a supersaturated solid solution. The alloys were machined into tensile

Table 1

Composition of the superalloys (in %)

composition Inconel 718 Incoloy 903
Ni 50—55 38

Cr 17-21 21-23
Nb 475-55 30
Mo 2833

Ti 0.65—1.15 1.4
Al 0.2-0.38 09
Co 1.0 max 15

C 0.08 max

Mn 0.35 max

Si 0.35 max

P 0.015 max

S 0.015 max

B 0.006 max

Cu 0.3 max

Fe balance
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Tablc 2
Heat treatment of superalloys

solution heat treatment

Inconel 718 Incoloy 903
1h 1253 K 1h,1253K
water quench water quench

precipitation hardening heat treatment

8h, 991 K 8h,991 K

furnace cool to 894 K, furnace cool to 894 K,
hold for a total time hold for a total time
of 18 h of 16 h

air cool air cool

precipitates

v, Nis(Al, Ty), L1, v”, Ni;Nb, ordered b.c.t.

fatigue specimens having threaded ends and a reduced section 31 mm long and 6 mm in
diameter. After machining, the specimens were given the recommended precipitation heat
treatment to produce the as-aged condition. The heat treatments for these alloys is given
in Table 2. The strengthening mechanism in both alloys is the result of precipitate formation
during heat treatment, ¥’ in Inconel 718 and y” Incoloy 903.

2.2 Fatigue testing

The axial fatigue testing was done using an M TS servocontrolled mechanical testing machine
having a 8.9 x 10* N capacity. In this experiment, the fatique stress was controlled. The
axial fatigue test frequency used was 8 cycles/s. After a selected number of cycles, the
specimen was removed from the testing machine for the positron annihilation measurements.
After the positron measurement, the specimen was reinserted into the testing machine. For
these fatigue tests, two stress ratios, R = 6,,;,/0m.0 Where a,,.,, and ¢,,;, are the maximum
and minimum stress, were used; R = 0 and 0.5.

2.3 Doppler broadening positron annihilation

The specimen support apparatus for Doppler broadening positron annihilation is con-
structed following an existing design (Coleman et al. [12]). Each specimen was positioned
for Doppler broadening measurement having the same relationship to the positron source
and the detector. The fatigue specimen is supported in a beam of positrons emitted from
an encapsulated 22NaCl positron source. A Ge(Li) detector receives the annihilation y-rays.
The positron source and the detector are arranged so that the detector does not receive
any positrons. The energy of each photon is determined by the detector and stored in the
appropriate energy channel of a multichannel analyzer. Data are collected for 2000 s so
that about 10° annihilation y-ray photons are recorded to yield a spectrum. The S parameter
is determined in the usual way (MacKenzie et al. [6]) from the annihilation y-ray spectrum.
The error in the S parameter values is ~0.1%.
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150 D. HOECKELMAN and H. P. LEIGHLY, JR.

3. Experimental Results
3.1 Inconel 718

The selected stress amplitude for all the fatigue tests is large enough to cause fatigue failure
to occur if the specimen is subjected to enough fatigue cycles. This is done so that the S
parameter would measure changes in the defect concentration as fatigue damage progresses
toward failure. The S parameter is determined for the specimen in the as-aged condition
and after a selected number of fatigue cycles. The S parameter data as a function of the
number of fatigue cycles has been normalized to the S parameter for the as-aged condition
which is shown at the left end of the abscissa scale in all of the figures. In Fig. 1, the
normalized S parameter is plotted versus the number of axial fatigue cycles for Inconel 718
when R = 0.5 and 0,,,, is equal to 1021, 915, and 633 MPa. It is apparent that 2000 fatigue
cycles at o,,,, = 915 MPa reduces the S parameter substantially, indicating a significant
reduction in the positron trapping concentration. When o,,,, is 633 MPa, it is evident that
the deep minimum seen previously would have appeared if the number of stress cycles had
been greater than 2000 and less than 5000 while the specimen subjected to fatigue cycling
at 6,,,, = 1021 MPa would have had a minimum at less than 2000 cycles. This assumes
that the deep minima are characteristic of the § parameter versus fatigue data.

There is a subsequent increase in the S parameter peaking at 10000 cycles after the initial
decline followed by a final decline. Refer to Fig. 2 which consists of the data already shown
in Fig. 1 plus the data for three other values of g,,. When ¢, = 1161 and 774 MPa, S
parameters show similar behavior to that shown in Fig. 1. The depths of the minima are
not as great as in the case of g,,, = 915 MPa. For specimens using 6,,,, > 915 MPa, the
deepest minimum would have been at fewer than 2000 cycles while, for a,,,, < 915 MPa
the deepest minimum would be at greater than 2000 cycles. In the case where g,,,,, = 1190 MPa,

1.02
1.01
3
[}
g L
5 1.00
S iy
(/)]
°
(1)
No.gg
g L
g —e— 1021 MPa
b4 R=05
0.98 I —e— 915 MPa Inconel 718
error bars = +0.1%
—4&— 633 MPa
0.97 L
As aged 4 10°

0
Number of Cycles ———=

Fig. 1. The normalized S parameter vs. fatigue cycles for Inconel 718 for R = 0.5 while o,
915, and 1021 MPa

= 633,

max
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[ —=— 1161 MPa —0O— 774 MPa
—e— 1021 MPa —&— 633 MPa
0.97 !
As aged 10* 10°

Number of Cycles ————

Fig. 2. The normalized S parameter vs. fatigue cycles for Inconel 718 when R = 0.5

the minimum occurs at so few cycles that it has no effect on the S parameter at
2000 cycles.

After the initial minimum, the S parameter in Fig. 2 peaks at about 10000 cycles except
when o,,,, = 1190 MPa. This indicates an increase in the concentration of the positron
traps. For a further increase in the number of cycles, there is a decline from the peak value
due to a loss of positron traps. When g, = 1190 MPa, the decline normally observed at

1.015
[ Broke at
[ 46210 Cycles g —0— 1190 MPa
10t0f —=— 1161 MPa
N r —e— 1021 MPa
2 —e— 915 MPa
51.005 L -—0— 774 MPa
] [ —&— 633 MPa
a
(7,3
o 1.000
()
N
< [
E0.995
o L
P L
; R=0
0.990 Inconel 718
i error bars = +0.1%
0.985- Pl " n .||.1l4 i s r .n..ls
As aged 10 10

Number of Cycles ———

Fig. 3. The normalized S parameter vs. fatigue cycles for Inconel 718 when R = 0
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50000 cycles is shifted to 10000 cycles. This is the result of the rapid loss of positron traps
at this high stress level. Except for the highest and the lowest values of 6,,,,,, the behavior of the
S parameter versus fatigue cycles is quite similar.

In Fig. 3, the results are somewhat different from those in Fig. 2 due to the difference in
the stress ratio, i.e., R = 0. The reduction in the value of R causes an increase in the damage
to the microstructure by the fatigue cycling. Dieter [13] has presented a graph showing a
reduction in the fatigue limit as the value of R is reduced. The initial minima have been
reduced to much smaller numbers of fatigue cycles due to the increased fatigue damage. In
fact, for certain stresses there are no minima in the graph because they may have occurred
at so few fatigue cycles that they had no effect on the S parameter at 2000 cycles. In the
case in which o,,, = 1190 MPa, it appears that the minimum at 10000 cycles shown in
Fig. 2 has been shifted to produce a minimum at 2000 cycles. When o,,,, = 1161 MPa, the
initial decline at 2000 cycles is completely lost, giving at 2000 cycles some portion of the
peak that in Fig. 2 was at 5000 cycles. In general, there is a strong shift of the features
shown in Fig. 2 to fewer cycles in Fig. 3 due to the change in the stress ratio causing more
damage to the microstructure.

3.2 Incoloy 903

Incoloy 903 has a lower yield strength (1140 MPa) as compared with Inconel 718, in
which the yield strength is 1240 MPa. In addition, the precipitate particles formed during
the precipitation hardening in Inconel 718 are ¥’ while in Incoloy 903, there are y"”. These
two factors will result in some differences in the value of the S parameter versus fatigue
cycles in addition to the similarities.

Comparing Fig. 4 with Fig. | and 2, the minima and the peaks are similar in that they
occur at about the same number of fatigue cycles. When ¢,,,, = 703 MPa and 1091 MPa,
the values for the S parameter at 2000 cycles are aimost the same. The true minimum would

1.015
[ R=05
Incoloy 903
1.010 | error bars = +0.1%

Broke at

Broke at
365930 Cycles

—0— 1091 MPa
—&— 1056 MPa
Broke at | —*— 1021 MPa
29390 Cycles| —®— 915 MPa
—O— 703 MPa
—a&— 492 MPa
—a4— 422 MPa

Normalized S Parameter

As aged 10? 10° 10°
Number of Cycles ——

Fig. 4. The normalized S parameter vs. fatigue cycles for Incoloy 903 when R = 0.5

diiy) suonIpUOD pUe SWB L 33 885 *[£202/80/€0] U0 ARiq178UIIUO ABIM ‘20UBIDS JO AISIBAIUN LINOSSIN Ad ETTOBETTZZ BSSU/Z00T OT/10p/W00" A3 1M AReq1foul|UO//SY Woi} pAPeOjUMOQ ‘T ‘'€66T X9BETZST

Aol imA

ol

35UBD| 7 SUOLIWIOD A1) 3|ged!|dde ayy Ag pausenob ae Sapie YO ‘3sn Jo SN 10j Aig 1T auljuQ A3]1A\ UO (SuonipL



A Study of Fatigue Failure in Superalloys Using Positron Annihilation 153
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o 1.005 1
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©
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2 0.995
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1 error bars =+ 0.1%
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Fig. 5. The normalized S parameter vs. fatigue cycles for Incoloy 903 when R = 0

have been at less than 2000 cycles when o,,,, = 1091 MPa while, for ¢,,, = 703 MPa, the
true minimum should have been between 2000 and 5000 cycles. The true minima for the
other specimens should have correspondingly different numbers of fatigue cycles. In general,
the data for Incoloy 903 have a minimum at 2000 cycles with a peak occurring at 20000
cycles followed by a decline, similar to the data presented in Fig. 2. The S parameters for
the specimens subjected to fatigue cycling when a,,,, = 492 and 422 MPa are almost the
same throughout the range of the experiment, as should be expected.

In Fig. 5, when R = 0, the rate of damage is more severe than for the data shown in
Fig. 4. The features have been shifted to fewer cycles. The true minima for several stress
levels occur at so few cycles that there is little or no effect on the S parameter at 2000
cycles. It is often lost. The peak of the S parameter for the various specimens has been
shifted to 10000 cycles from 20000 cycles, as shown in Fig. 4. The second minima in both
figures occur in 50000 cycles. In both figures, there is a small increase in the S parameter
after the second minima.

4. Discussion of Results

An examination of the S parameter versus cycles curves presented in Fig. 1 to 5 shows a
similar pattern of behavior for all specimens with some easily explained differences.
Specifically, there are significant minima in the curve of S parameter versus fatigue cycles
after a fairly small number of fatigue cycles. Because the number of stress cycles selected
for the first fatigue increment is fixed at 2000 cycles for the axial fatigue tests, the depths
of the minima are dependent on the stress amplitude. When very large stress amplitudes
are used, or when R = 0, the minima will have occurred after fewer cycles, hence they may
be obscured by the subsequent fatigue damage to the specimen. Similarly, using low fatigue
stress levels causes the minima to appear at a larger number of cycles (> 2000 cycles), again
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not to be observed because of the number of the fatigue cycles selected for tests to determine
the S parameter.

To understand this reduction in the S parameter, it must be recognized that defects such
as vacancies, grain boundaries, and dislocations can act as traps for positrons. In Doppler
broadening positron annihilation, the presence of defects alters the annihilation y-ray
spectrum increasing the S parameter (MacKenzie et al. [6]). The decrease observed in the
S parameter indicates a reduction in the trapping concentration. The alloys used in this
experiment, Inconel 718 and Incoloy 903, were received from the vendor in the solution
heat treated and water quenched condition as shown in Table 2. This treatment and
subsequent mechanical and thermal treatments will not have affected the total area of the
grain boundaries, thus the S parameter changes could not have been the result of any grain
growth. The dislocation density in the alloys should have been small in the as-received
alloy due to the solution heat treatment at 1253 K. The precipitation hardening treatment
at 894 K given after machining should have removed any dislocation introduced by this
procedure.

The specimens were air cooled from 894 K after the precipitation hardening heat treatment.
The small diameter of the fatigue specimen, 6 mm, the rapid cooling rate, and the high
alloy content with its accompanying vacancy—-impurity binding energy will have been fast
enough to retain some of the vacancies and vacancy clusters that were present at equilibrium
at 894 K. The retained vacancies and vacancy clusters will trap positrons increasing the S
parameter. The decline in the S parameter during the first few fatigue cycles must be the
result of an alteration in the vacancy concentration and configuration.

Any residual dislocation present after the precipitation hardening heat treatment may
oscillate during fatigue around some quasi-equilibrium position in the lattice to capture in
vacancies and vacancy clusters, reducing their concentration and reducing the S parameter.
The larger the fatigue stress, the greater the mobile dislocation concentration, the larger
their amplitude, and the faster is the removal of the excess vacancies. This will also accelerate
the reduction in the S parameter. The extent of the difference of the value of the S parameter
between the aged condition and after 2000 fatigue cycles is the result of the large loss of
defects or substantial clustering,

After elimination or clustering of the residual vacancies by the initial fatigue cycling, the
S parameter begins to rise. Gauster et al. [9] and Mughrabi et al. [14] have presented
transmission electron microscope micrographs in which the dislocation concentration is
seen to increase with increasing fatigue cycles. This parallels the increase in the S parameter.
It should not be assumed that dislocation formation must await the elimination of all of
the excess vacancies. In the early fatigue stages, the excess vacancies and their removal
dominate the S parameter versus fatigue cycle leading to the minima. It is evident that
dislocations have become the dominant positron traps as the S parameter reaches a peak
before a subsequent decline. This peak represents a saturation of the lattice with positron
traps. Karjalainen et al. [11] observed a similar behavior in air cooled copper where they
observed a smallincrease in the S parameter followed by a significant decrease with increasing
fatigue cycles. With still more fatigue cycles, the decline was reversed.

Ma and Laird [15] and Neumann and T6énnessen [16] showed the initiation of microcracks
during fatigue in conjunction with the development of persistent slip bands (PBS). Cheng
and Laird [4] have shown that the number and size of the microcracks increases with fatigue
cycles. When the microcracks are very small, positrons will be trapped as if the microcracks
were small voids. Hautojirvi et al. [17] have found that voids are able to trap positrons.
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This ability is dependent upon the void size. The S parameter initially increases with an
increase in void size but the rate of increase in the S parameter then declines with increasing
void size. The size dependence of the S parameter vanishes when the voids reach
a diameter of 1.2 nm due to a vanishing of the electron density in the void. Non-local
correlation effects become important in large voids and an image-potential-induced surface
state becomes energetically favorable. If the microcracks are small enough, they will act as
voids in trapping positrons increasing the S parameter. The microcracks will have an
ellipsoid shape with a large dimension normal to the stress axis and a small dimension
parallel to it. As they grow normal to the stress axis, the distance between the surfaces in
the center of the microcracks will exceed the limit of 1.2 nm. When this happens, only those
surfaces around the perimeter of the microcracks will be close enough to trap positrons.
Initially, the total perimeter region in the many microcracks will be large, hence there will
be little effect on the § parameter. However as the microcracks grow and agglomerate, the
total amount of crack perimeter capable of acting as positron traps becomes smaller. This
will be reflected by the decline in the S parameter. This microcrack growth will contribute
to the negative slope of the S parameter versus fatigue cycle curve.

5. Conclusions

The observed changes in the S parameter versus fatigue cycles has been explained in terms
of the defect concentration, the stress ratio, R, the stress maximum, 6,,,,, and the number
of fatigue cycles. The initial decline in the curve is due to the removal of residual vacancies
followed by an increase due to an increase in dislocations and microcracks. The final decline
should be the result to the growth and agglomeration of the microcracks.
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